Standard protocols for extracting genomic DNA from Pinus radiata D. Don needles, such as CTAB-based methods, can yield large quantities of DNA. However, final DNA purity can be an issue due to carry over of contaminants that can impede accurate high throughput genotyping. This study evaluated eight DNA extraction and purification protocols to determine which method provided the greatest improvement in call rates and accuracy when using the Sequenom iPLEX W Gold MassARRAY W genotyping technology. Of the methods tested, genomic DNA extracted using the Machery-Nagel NucleoSpin W -96 Plant II kit performed the best overall, and was more efficiently and accurately genotyped than genomic DNA extracted using the standard CTAB method. This study also demonstrated that the quality and assay performance of CTAB-extracted genomic DNA is greatly improved by further purification with the Qiagen W QIAquick 96 PCR Purification kit. Using these improvements, the Sequenom iPLEX W Gold MassARRAY W genotyping technology is now a viable option for genotyping plant genomes such as Pinus radiata.
Introduction
New Zealand has approximately 1.8 million hectares of commercial plantation forests, of which 89% is radiata pine (Pinus radiata D. Don). Radiata pine contributes approximately 2.5% to New Zealand GDP and has been subjected to intensive breeding and propagation for over 60 years. The integration of molecular approaches into radiata breeding programmes has previously been limited by excessive costs and low throughput. However, the recent advent of mid to high-throughput genotyping technologies has provided researchers with powerful tools to analyse genetic variation for many different applications. These technologies have also created new challenges. Most new technologies are developed and optimised for mammalian systems and do not always transfer to higher plant systems (Chagné et al. 2007) , where issues of genome size, abundance of secondary metabolites, and the physical challenge of extracting gDNA from hardy tissues (Palomera-Avalos et al. 2008; Shepherd et al. 2002) need to be overcome. Application of these new genotyping technologies to conifers has been limited, with only a few reports of such work in pine species in the last three years (Chancerel, et al., 2011; Dillon, et al., 2010; Eckert, et al., 2009) .
The success of modern genotyping platforms is critically dependent on the isolation of sufficient high quality DNA (Bayés and Gut, 2011) . To date, none of the methods published for plants has proved universally applicable across species, tissue types, and analytical approaches (Varma et al. 2007) . One of Scion's standard plant DNA extraction protocols for Pinus radiata needles is based on the method of Cato and Richardson (1996) and uses a CTAB buffer. This protocol has worked well for PCR-based genotyping techniques such as SSRs, however, gDNA extracted using this method has been found to be sub-optimal when assayed with several high-throughput genotyping platforms, including the iPLEX W Gold MassARRAY W (Sequenom Inc., San Diego, CA, USA). This has resulted in high rates of missing genotypes (assay fail rates of 21%), incomplete genotypes (64% of loci departing from HWE) and inaccurate genotypes (1% of genotypes inconsistent across replicates). To address these problems, a search was conducted for an alternative, high-throughput DNA extraction method, yielding gDNA of sufficient quality and quantity for reliable genotyping. The aim of this study was to investigate the efficacy of eight DNA extraction/purification techniques compared to the current CTAB method. Some methods were modified versions of Scion's current CTAB method while others were based on proprietary extraction kits which had proved successful for other researchers in pine species using PCR-based approaches (Dillon, et al., 2010; Palomera-Avalos, et al., 2008; Shepherd, et al., 2002) . In particular, a reduction in the levels of contaminants such as carbohydrates, phenolics (Barzegari et al. 2010 ) and guanidine salts (Reithinger et al. 2000) was considered a key outcome as these compounds have been shown to impact on downstream enzymatic applications (Bashalkhanov & Rajora, 2008) .
Materials and methods

Extraction and purification
In stage 1, eight alternative DNA extraction and purification protocols were trialled using pine needle tissue, using the standard tissue input recommendations for each method. The eight DNA extraction and purification protocols trialled are described below, with the key differences between the methods outlined in Table 1 . Five of these (Methods C, CE, CQ, CZ and CG), were adaptations of Scion's standard CTAB-based method (Method S). DNA extracted using Method S with no additional modification was not included in stage 1. The other three methods, F, D and N, were based on proprietary extraction kits.
Method S: Standard CTAB extraction
Scion's standard DNA extraction procedure was adapted from Cato & Richardson (1996) . Chopped needle tissue (300 mg) was homogenised with a mortar and pestle under liquid nitrogen, placed into a 2 mL tube and 1 mL of pre-warmed (65°C) CTAB buffer a added. After one hour incubation at 65°C, cellular debris was pelleted by centrifugation at 18000× g, and 700 μL of supernatant was transferred to a fresh tube containing RNase A at a final concentration of 100 μg/mL. After a 30 min incubation at 37°C, 1/5× volume 5 M NaCl and 1× volume chloroform:isoamyl alcohol (24:1) were added, the tube was mixed by gentle inversion and centrifuged at 18000× g for 20 min. The aqueous phase was removed and re-extracted with another 1× volume chloroform: isoamyl alcohol. After centrifugation at 18000× g for 20 min, the aqueous phase was transferred to a fresh tube, 1× volume ice cold isopropanol added and the DNA precipitated overnight at −20°C. DNA was pelleted at 18000× g for 30 min, washed in 70% ethanol, and airdried before resuspension in 50 μL sterile water.
Method 1: Modified CTAB extraction (C)
DNA was extracted as per Method S with a few modifications, including homogenisation of the tissue (150 mg) using a Geno/Grinder™ 2000 (Spex SamplePrep, Metuchen, NJ, USA). Approximately 100 mg sea sand (acid-purified and calcined) was added to a 5 mL polyethylene screw-cap grinding vial containing a 9.5 mm stainless steel bead (Spex SamplePrep part no. 2240-PEF), followed by 150 mg chopped needle tissue, a second bead and 2 mL of CTAB buffer. Vials were capped, loaded into the Geno/Grinder and run at 1400 strokes/ min for 20 s × 6, then incubated for 60 min at 65°C. Cellular debris was pelleted by centrifugation for 10 min at 2000× g, and supernatant transferred to a fresh tube containing RNase A at a final concentration of 100 μg/ mL, and incubated at 37°C for 30 min. Subsequent chloroform extraction steps were as described for Method S, but DNA precipitation was performed with room temperature isopropanol, and incubated overnight at room temperature (Michiels et al. 2003) . Ethanol washes and final resuspension were as for Method S.
Method 2: Modified CTAB extraction with ethanol/acetate precipitation (CE)
The DNA extracted using Method C was further purified by an additional ethanol/sodium acetate precipitation. To the resuspended DNA, 1/10× volume 3 M sodium acetate and 2.5× volumes 96% ethanol were added, mixed by gentle inversion and incubated at −20°C for 2 hours. DNA was pelleted at 18000× g for 10 min, washed with 1× volume 96% ethanol, and air-dried before resuspension in 50 μL sterile water.
Method 3: Modified CTAB extraction with QIAquick W PCR purification (CQ)
The DNA extracted using Method C was further purified using Qiagen's QIAquick W PCR Purification kit (Qiagen, Düsseldorf, GER) as per manufacturer's instructions, eluting in 60 μL buffer EB.
Method 4: Modified CTAB extraction with Genomic DNA Clean and Concentrator™ purification (CZ)
The DNA extracted using Method C was further purified using Zymo's Genomic DNA Clean and Concentrator™ kit (Zymo Research Corporation, Irvine, CA, USA) as per manufacturer's instructions, eluting in 30 μL sterile water.
Method 5: Modified CTAB extraction with Genomic-tip 20/G purification (CG)
The DNA extracted using Method C was further purified using Qiagen's Genomic-tip 20/G kit, as per manufacturer's instructions, applying all recommendations to increase yield. DNA was resuspended in 60 μL sterile water. Method 6: FastDNA W protocol, with modifications (F)
The DNA was extracted as per manufacturer's instructions (MP Biomedicals, Solon, OH, USA), except for the following modifications: tissue (150 mg) was homogenized in the plant tissue lysis solution for 3 × 20 s at speed 5 in the FastPrep W instrument, and immediately placed on ice for 5 min. Cellular debris was pelleted at 13000× g for 35 min, the supernatant transferred to a fresh tube, and then centrifuged for a further 5 min at 21000× g. The cleared supernatant was transferred to a fresh tube, and binding matrix added, as per manufacturer's instructions. Pelleting of the binding matrix from the supernatant was performed at 1000× g for 2 min, and repeated after washing with SEWS-M solution. Residual SEWS-M solution was collected at 1000× g for 10 s, and removed using a small bore pipette tip. Elution of DNA from the binding matrix was performed at room temperature, and centrifuged at 21000× g for 5 min to minimise carry-over of binding matrix when transferring DNA-containing supernatant to the final collection tube.
Method 7: DNeasy
W -96 protocol, with modifications (D)
The DNA was extracted as per manufacturer's instructions, except for the following modifications: lysis buffer (AP1, RNase A and Reagent DX) and AP2 buffer volumes were increased 2.5× to allow for homogenisation of the tissue (50 mg) with the Geno/Grinder™ 2000 (settings as per Method C). Centrifugation steps were performed at a maximum of 3220× g. Once samples were applied to the DNeasy plate, all subsequent centrifugation steps were replaced with vacuum processing on a QIAvac 96 manifold (Qiagen Düsseldorf, GER).
Method 8: NucleoSpin W Plant II protocol, with modifications (N)
The DNA was extracted as per manufacturer's instructions (Machery-Nagel, Düren, GER), except for the following modifications: increased volumes of lysis buffers (480 μL PL2 and 16 μL RNase A, and 115 μL PL3) were used, but the relative ratios of the individual buffers were maintained. This was to allow for homogenisation of the tissue (100 mg) with the Geno/Grinder™ 2000 (as described for Method C). The 65°C incubation was increased from 10 min to 1 hour. For stage 2, further optimisations were applied to methods D and N as follows:
Method D+
The single AW buffer wash step in method D was increased to three washes, and the supplied elution buffer was replaced with 2 × 50 μL 10 mM Tris (pH 8.5).
Method N96
The NucleoSpin 
Quantification and assessment of purity
After extraction, aliquots of gDNA were labelled with Quant-iT™ PicoGreen W dsDNA reagent (Life Technologies, Carlsbad, CA, USA) and quantified using a BMG POLARStar Galaxy microplate reader (BMG LabTechnologies, Offenberg, GER) ( Table 2 ). The absorbance of each sample was determined at wavelengths of 230 nm (the absorbance peak for common non-protein contaminants) and 260 nm (the absorbance peak for DNA) using a NanoDrop™ 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). These values were used to calculate the A 260 /A 230 ratio of the extracted gDNA as a means to determine average purity for a given method.
Genotyping
All samples were diluted to 20 ng/μL for use in the iPLEX W Gold MassARRAY W genotyping unless they were not concentrated enough, in which case they were used undiluted. The final sample panel comprised gDNA from each of the 47 tree samples extracted using the eight DNA extraction protocols (methods 1-8). Samples were assayed with iPLEX W Gold MassARRAY W 31-SNP and 27-SNP multiplex assays, developed in previous studies (data not shown). The iPLEX W Gold MassARRAY W system employs a locus-specific PCR followed by allele-specific primer extension to generate products of unique mass, detected by MALDI-TOF. Genotypes (homozygote (AA or BB) or heterozygote (AB)) for each SNP are then assigned to each individual (Jurinke et al. 2004 ).
Method performance
The performance of the genotyping assay for each method was assessed using three criteria: missing genotypes (assay fail rates), incomplete genotypes (loci departing from HWE) and inaccurate genotypes (inconsistent genotypes across replicate samples). Departure from HWE was used as an indicator of genotypic class bias within the assay and was measured with a χ 2 test. Significant departure from HWE was indicated by p-Values < 0.05. All eight methods were also tested by a single operator who ranked their ease of use. Using these criteria, along with extraction efficiency and assay performance, three preferred methods (N, D, and CQ) were selected for stage 2, a scaled-up iPLEX W Gold assay.
Results and discussion
The modified CTAB protocols C and CE yielded the highest gDNA concentration (Table 2) . Conversely, the NucleoSpin W Plant II (individual columns) (N) and DNeasy W -96 (96-plate) (D) extractions produced the lowest concentrations.
Presence of contaminants and low yield can impact the performance of downstream enzymatic applications. However, purity alone or yield alone should not be the sole consideration when comparing methods (Llongueras, Nair, Salas-Leiva, & Schwarzbach, 2012) , but should be considered in conjunction with assay performance.
Results under an ideal A 260 /A 230 ratio of 1.8-2.2 (Table 2 ) can indicate the presence of carbohydrates and phenolics (co-extractants from pine needles) or guanidine salts (carryover from some commercial extraction buffers). All four methods that included additional purification steps following CTAB extraction (CQ, CZ, CE and CG) produced material with improved average A 260 /A 230 ratios compared to CTAB extraction alone (C). The average A 260 /A 230 ratio for material produced using method N was also within acceptable limits. Method D and F showed less than acceptable average A 260 /A 230 ratios, possibly due to carry-over of guanidine salts from the supplied buffers. Additional wash steps for Method D + were included to mitigate this issue and subsequently the average A 260 /A 230 ratio was improved.
Four extraction methods (CG, N, F and D) yielded some samples with concentrations less than 20 ng/μL, which were used undiluted in the iPLEX W Gold assay ( Table 2) Gold assay are shown in Figure 1B . A noticeable increase in performance was observed compared to a representative plate from a previous experiment using DNA extracted with method S ( Figure 1C ). All methods, except F, showed reductions in fail rates compared to standard CTAB extraction (S) ( Table 2) . Methods with fail rates less than 10% in stage 1 were CG, D, CQ, CE and N. Interestingly, methods D and N produced material that showed a higher percentage of loci departing from HWE compared to Method C, possibly due to a higher percentage of samples with concentrations less than 20 ng/μL. Effective template concentration at a heterozygous locus is approximately half that of a homozygous locus, therefore less than optimal sample concentration can lead to incomplete genotyping of heterozygous individuals. The resulting apparent loss of heterozygotes can be one of the causes of departure from HWE.
In addition to the experimental results of yield, purity and assay performance, we considered the relative ease of use, cost and adaptability to our preferred method of tissue disruption (Geno/Grinder™ 2000) when selecting methods for stage 2 (Table 3) .
Of the four methods scaled up in stage 2, gDNA extracted by N96 gave the best results with no inconsistent genotypes, 6.5% of loci showing significant departure from HWE and an overall fail rate of 8.3%. The N96 method has also performed well in other plant species and genotyping systems (Llongueras, et al., 2012) . Comparable fail rates were also achieved with methods CQ and SQ, but the percentage of assays departing from HWE was nearly doubled. Method D showed the highest proportion of missing genotypes, and tended to give the lowest DNA yields of the four methods trialled in stage 2. These results demonstrate that improvements in the quality of gDNA extracted using the standard method (S) could be achieved with additional purification (e.g. CQ). A similar version of method CQ was recently used to extract P. radiata gDNA samples which were successfully genotyped using both the iPLEX W Gold MassARRAY W and an alternative highthroughput platform, the GoldenGate universal bead arrays (Illumina San Diego, CA, USA) (Dillon, et al., 2010) . Taking into account assay performance, cost, and ease of use, method N96 has been chosen as our method of choice for future genotyping studies.
Conclusions
We demonstrated that the accuracy of the iPLEX W Gold MassARRAY W genotyping platform for assaying pine genomic DNA is sensitive to gDNA quality. We observed a dramatic improvement in SNP call quality as determined by three performance criteria (assay fail rate, % of loci departing from HWE, and % of inaccurate genotypes) in trials of the different extraction and purification methods. Genomic DNA from Pinus radiata needle tissue was most efficiently and accurately genotyped by the iPLEX W Gold MassARRAY W system when extracted using the NucleoSpin W -96 Plant II kit. Although DNA yields were slightly inferior to several other methods, the overall performance of this kit was best. The 96-well format was very efficient compared to our traditional CTAB methods. A less efficient, but comparable level of gDNA purity and performance could also be achieved by passing CTAB extracted gDNA through a QIAquick W PCR Purification kit. These findings were applied to our large association experiment (N= 1927) and fail rates of less than 10% were achieved, improved from 21% in the original experiment (data not shown).
Endnote a 2% CTAB, 8% NaCl, 20 mM EDTA, 0.1 M Tris-HCl, 1% polyvinylpyrrolidone, 0.2% β-mercaptoethanol, 0.5 mg/ mL proteinase K. 
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